Despite intense focus on the ~190 permil drop in atmospheric ∆ 14 C across the deglacial "mystery 11 interval", the specific mechanisms responsible for the apparent ∆ 14 C excess in the glacial atmosphere have received 12 considerably less attention. The computationally efficient Bern3D earth system model of intermediate complexity, 13 designed for long-term climate simulations, allows us to address a very fundamental but still elusive question 14 concerning the atmospheric ∆ 14 C record: How can we explain the persistence of relatively high ∆ 14 C values during 15 the millennia after the Laschamp event? Large uncertainties in the pre-Holocene 14 C production rate, as well as in 16 the older portion of the ∆ 14 C record, complicate our qualitative and quantitative interpretation of the glacial ∆ 14 C 17 elevation.
and foraminifera, have been interpreted as possibly reflecting real changes in the ocean's large-scale overturning 37 circulation (Siegenthaler et al., 1980) . The extended 54,000-year record of atmospheric ∆ 14 C from the latest IntCal 38 compilation (i.e., IntCal13; Reimer et al., 2013) and from two Hulu Cave stalagmites (Cheng et al., 2018) suggests 39 that large millennial-scale variations in ∆ 14 C have occurred during the last glacial, compared to the relatively small 40 (~30 ppm) change in atmospheric CO2 over the same time period (Fig. 1) . When interpreting the implications of such 41 changes, it is important to note that atmospheric ∆ 14 C is controlled not only by global carbon cycle processes but also 42 by variations in the atmospheric 14 C production rate. Therefore, the use of atmospheric ∆ 14 C as an indicator of past 43 oceanic conditions, particularly those associated with air-sea exchange efficiency and deep ocean ventilation rates, 44 requires reliable estimates of the 14 C production rate over time.
46
The vast majority of all 14 50 ) and on 10 Be and 36 Cl measurements in polar ice cores (Adolphi et al., 2018) . A fundamental 51 difference between these reconstruction methods is that paleointensity-based estimates of the 14 C production rate, by 52 definition, do not reflect changes in the solar modulation of the cosmic radiation, whereas ice-core 10 Be-based 53 estimates give the combined influence of solar and geomagnetic modulation on radionuclide production. Of note is 54 the striking coherence in all three records (∆ 14 C, paleointensity-based production, and ice-core 10 Be-based production) 55 of the Laschamp excursion (~41 kyr BP), when the Earth's geomagnetic dipole field briefly reversed and its intensity 56 was close to zero (Nowaczyk et al., 2012; Laj et al., 2014) . According to reconstructions and production rate models, 57 this large geomagnetic event caused a doubling of the 14 C production rate, leading to the highest ∆ 14 C values over the the atmospheric ∆ 14 C record: (1) the specific mechanisms responsible for high glacial ∆ 14 C levels, and (2) the extent 74 to which production changes contributed to the deglacial ∆ 14 85 Köhler et al., 2006) . These studies demonstrate with box models that glacial levels of ∆ 14 C cannot be attained without 86 invoking significant changes in ocean circulation, air-sea gas exchange, and carbonate sedimentation. However, the 87 box models were not able to reproduce ∆ 14 C values higher than 700 permil, and these results still need to be scrutinized 88 with models of higher complexity. To our knowledge, no three-dimensional ocean biogeochemical model has yet 89 simulated the 50,000-year record of ∆ 14 C. Many questions remain unanswered, in particular: What mechanism can 90 account for the persistence of relatively high ∆ 14 C values during the millennia after the Laschamp excursion?
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The expected time scale for sustaining elevated levels of atmospheric ∆ 14 C after a production peak is on the 93 order of thousands of years, a time scale tied to the mean lifetime of 14 
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In this paper we extend previous modelling efforts concerning the record of atmospheric ∆ 14 C with respect 121 to three issues: (1) the sensitivity of the ∆ 14 C response to carbon cycle changes and the potential importance of marine 122 sediments, (2) the simulation of ∆ 14 C covering the time range of the IntCal13 radiocarbon calibration curve (50,000 123 years), the primary focus being the explanation of high glacial ∆ 14 C levels, and (3) a new model-based reconstruction 124 of the 14 C production rate for the last 50 kyr as inferred from an atmospheric radiocarbon budget. In the following 125 sections we first introduce the Bern3D earth system model of intermediate complexity and describe the carbon cycle 126 scenarios for forcing it. We then use step changes in the 14 C production rate and in selected parameters of the ocean 127 carbon cycle model to gain insight into the transient and equilibrium response of atmospheric ∆ 14 C. After these 128 sensitivity experiments we present the results of paleoclimate simulations forced by available reconstructions of past 129 changes in 14 C production together with well-known and hypothesized carbon cycle changes accompanying glacial-130 interglacial climate cycles. Finally, we present results for a first attempt to reconstruct the history of the 14 C production 131 rate using the Bern3D model forced with reconstructed variations in atmospheric ∆ 14 C and CO2. We end with a 132 comparison of three fundamentally different (model-based, paleointensity-based, and ice-core 10 Be-based) 133 reconstructions of atmospheric 14 representing carbon stocks in the terrestrial biosphere (Siegenthaler and Oeschger, 1987 14 C production, air-sea gas exchange, physical transport and mixing in the 161 water column, biological production and export of particulate and dissolved matter from the surface ocean, particle 162 flux through the water column, particle deposition on the sea floor, remineralization and dissolution in the water 163 column and the sediment pore waters, and vertical sediment advection and sediment accumulation, are explicitly 164 represented in the Bern3D model (see Fig. 2 ).
166
Modelled 14 C is often expressed relative to carbon, which is convenient for comparison to radiocarbon 167 measurements which are generally reported as ∆ 14 C. The purpose of ∆ 14 C, i.e., the fractionation-corrected ratio of 168 14 C/C relative to that of the AD 1950 atmosphere, is to isolate the effect of radioactive decay. In this study, ∆ 14 C is 169 treated as a diagnostic variable using the two-tracer approach of OCMIP-2. Rather than modelling only the 14 conditions. We investigate the impact of step changes in (1) the 14 C production rate ("higher production" scenario),
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(2) wind stress and vertical diffusivity ("reduced deep ocean ventilation" scenario), and (3) the gas transfer velocity which changes in the ocean carbon cycle could explain high glacial ∆ 14 C levels. We therefore consider a wide range 220 of scenarios, including some extreme cases.
222
In the first scenario (MOD), the model is run with fixed preindustrial boundary conditions for the Earth's 223 orbital parameters, radiative forcing due to well-mixed greenhouse gases, and ice sheet extent. As a consequence, 
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In this study, we consider six scenarios that invoke additional changes to force the model toward the observed 238 low glacial CO2 concentration. In addition to the PAL forcing, a time-varying scale factor ( ) is applied to some 239 combination of tunable model parameters: wind stress scale factor , vertical diffusivity 8 , gas transfer velocity : , 240 CaCO3-to-POC export ratio , and POC remineralization length scale ℓ <=> . For the preindustrial period, the value of 241 ( ) is fixed at 1, whereas the theoretical LGM value was chosen in order to achieve an atmospheric CO2 concentration 242 close to the LGM level of ~190 ppm (see Table 1 ), as determined by sensitivity experiments. Note that the same values 243 of ( ) apply to any of the model parameters considered in a given scenario. To obtain intermediate values, ( ) is 244 linearly scaled using the global benthic 18 O stack (see Fig. 1 ). For the spin-up needed to initialize these simulations, 
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The four different paleointensity stacks were converted to 14 C production rates using the production rate model of where is the radioactive decay constant for 14 perturbations. The differences between the two sets of model runs shown in Fig. 4 (i.e., ALL versus OCN-LND, and 336 OCN-SED versus OCN) are due to sedimentation-driven changes in the ocean carbon inventory. In order to facilitate 337 our discussion, we will only make direct comparisons between model runs ALL and OCN-LND. We note that the 14 
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Note that for simplicity, we investigated only step changes in atmospheric production, although, in reality, . The overall effect is a gradual reduction of global-ocean ∆ 14 C by ~76 permil (Fig. 6g) , which dilutes the 405 initial atmospheric ∆ 14 C peak by 52 permil.
407

Change of gas transfer velocity
409
It takes about a decade for the isotopic ratios of carbon to equilibrate between the atmosphere and a ~75-m thick 410 surface mixed layer by air-sea gas exchange alone (Broecker and Peng, 1974) . A consequence of this is that the surface 411 ocean is undersaturated with respect to atmospheric ∆ 14 C (see Fig. 3 ). The choice of gas transfer velocity k ] as a 412 function of wind speed is critical for the efficiency of air-sea gas exchange. A reduction of : corresponds to a higher 413 resistance for gas transfer across the air-sea interface, which means that the 14 atmosphere (+91 permil) (see Fig. 6 ). Note that the increase in atmospheric ∆ 14 C is not accompanied by a significant 441 change in the atmospheric carbon (CO2) inventory (i.e., it decreases by only 2.2 to 3.3 percent).
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Overall, findings from these sensitivity experiments demonstrate that (1) the response of atmospheric ∆ 14 C 444 to changes in the internal parameters of the ocean carbon cycle, in contrast to 14 Here we investigate the magnitude and timing of the maximum possible ∆ 14 C change during the last glacial period, 508 obtained by running the Bern3D model with eight different carbon cycle scenarios (see Table 1 ). For the sake of 509 clarity, we will discuss only the results of model runs using the mean paleointensity-based 14 C production rate, though 510 all available reconstructions were used. We emphasize that this is not a best-guess estimate of paleointensity-based 511 14 
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While these changes lead to an effective atmospheric CO2 drawdown mechanism, model results confirm that their 553 effect on atmospheric ∆ 14 C is much less important (see Fig. 8 ).
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Model run VENTx gives the best results with respect to glacial levels of ∆ 14 
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Although it may be possible that permanent North Atlantic-Arctic and Antarctic sea ice cover extended to lower and 578 higher latitudes than previously reconstructed, we conclude from our model study that even extreme assumptions 579 about sea ice cover are insufficient to explain the elevated ∆ 14 C levels after ~33 kyr BP. It appears instead that the 580 glacial 14 C production rate was higher than previously estimated and/or the reconstruction of glacial atmospheric ∆ 14 reconstructions of past changes in 14 C production (Fig. 1) . Paleointensity-based estimates typically predict higher 14 
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The carbon cycle scenarios described in Table 1, whereas those obtained from the IntCal13 record are somewhat higher than modern. As expected, peak production 614 occurs during the Laschamp event (~42 to 40 kyr BP), with the Hulu Cave dataset yielding the largest amplitude 615 (factor of ~2 greater than modern). The IntCal13 record predicts a smaller amplitude of ~1.6 times the modern value.
616
Both ∆ 14 C records predict production minima at ~37 kyr BP (~7 percent higher than modern) and ~32 kyr BP (~5 617 percent higher than modern), interrupted by a prominent peak (factors of ~1.5 and ~1.4, respectively) during the Mono 618 Lake geomagnetic excursion (~34 kyr BP), though the details of the timing and structure differ between the two 619 records. Between 32 and 22 kyr BP, model-based estimates of the 14 C production rate are ~1.3 times the modern value, 620 which then decrease to around modern levels by HS1 (~18 kyr BP).
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Model-based estimates of 14 C production during the last glacial are typically higher than paleointensity-based 623 and ice-core 10 Be-based ones, as expected from the analysis in Sect It is important to note that the differences between the production rate estimates inferred from the proxy data (i.e., 626 paleointensity data and ice-core 10 Be fluxes) are as large as the differences between our deconvolution results and the 627 reconstructions (see Table 2 ). As shown in Fig. 11 , it is extremely difficult to reconcile the discrepancies between 628 reconstructed and model-based 14 C production on the basis of carbon cycle changes alone. Nonetheless, the fact 629 remains that two independent estimates of the 14 C production rate (estimates inferred from paleointensity data and 630 from ice-core 10 Be fluxes) show systematically lower rates than those obtained by our model-based deconvolution of 631 atmospheric ∆ 14 C. The differences between the results shown in Fig. 10 and Fig. 11 and Table 2 stem from various 632 uncertainties that are discussed next.
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Uncertainties associated with the glacial ocean carbon cycle (Fig. 10 , colored shading; Fig. 11 , colored lines) 635 are systematic in our approach. The deconvolutions, e.g., of the Hulu Cave ∆ 14 C record, under different model 636 scenarios are offset against one another, whereas the millennial-scale variability is maintained (see Fig. 11 ). We do 637 not attempt to resolve uncertainties associated with Dansgaard-Oeschger warming events and related Antarctic and 638 tropical climatic excursions in the model runs. Such climatic events may have influenced the atmospheric radiocarbon 639 budget, but their influence on long-term variations in atmospheric ∆ 14 C, and therefore inferred production rates, is 640 presumably limited. As may be expected, the lowest production rates (the lowest O% values) are found in extreme 641 scenario VENTx and the highest in scenarios PAL and BIO, mirroring the high and low glacial ∆ 14 C levels achieved 642 by these model scenarios as discussed in Sect. 3.3. Note that there is a large uncertainty in the model-based 14 
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The ice-core 10 Be-based reconstruction of past changes in 14 
715
Before model-simulated ∆ 14 C can be taken seriously, it must be demonstrated that the reconstruction of past 716 changes in 14 C production is reliable. There is, however, a substantial amount of scatter in the paleointensity-based 717 and ice-core 10 Be-based estimates of 14 C production. Here we adopt an alternative approach to estimating the 14 C 718 production rate, which would indeed benefit from further constraints and lines of supporting evidence. Our 719 deconvolution-based approach assumes that the 14 C production rate can be derived from an atmospheric radiocarbon 720 budget, constructed using a prognostic carbon cycle model combined with the atmospheric ∆ 14 C record. Our model 721 results suggest that the glacial 14 The exchange of any isotopic perturbation between the atmosphere and the terrestrial biosphere is simulated 773 by use of the four-box model of Siegenthaler and Oeschger (1987 
